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Available online 11 August 2016The Alpha–Mendeleev ridge complex is a ﬁrst-order physiographic and geological feature of the Arctic Amerasia
Basin. High amplitude “chaotic”magnetic anomalies (the High Arctic Magnetic High Domain or HAMH) are associ-
atedwith the complex and extend beyond the bathymetric high beneath the sediment cover of the adjacent Canada
and Makarov–Podvodnikov basins. Residual marine Bouguer gravity anomalies over the ridge complex have low
amplitudes implying that the structure has minimal lateral density variability. A closed pseudogravity (magnetic
potential) contour around the ridge complex quantiﬁes the aerial extent of the HAMH at ~1.3 × 106 km2.
We present 2D gravity/magneticmodels for transects across the Alpha Ridge portion of the complex constrained
with recently acquired seismic reﬂection and refraction data. The crustal structure is modeled with a simple
three-layer geometry. Large induced and remanentmagnetization components were required to ﬁt the observed
magnetic anomalies. Density values for the models were based on available seismic refraction P-wave velocities.
The 3000 kg/m3 lower crustal layer is interpreted as a composite of the original crustal protolith and deep
(ultramaﬁc) plutonic intrusions related to a plume sourced (High Arctic) LIP. The 2900 kg/m3 mid-crustal and
2600 kg/m3 upper-crustal layers are interpreted as the combined effect of sills, dikes, and ﬂows. Volumetric es-
timates of the volcanic composition include (at least) 6 × 106 km3 for the mid- and upper-crust and between
13 × 106 and 17 × 106 km3 within the lower crust— for a total of ~20 × 106 km3.
We compare themagnetic structure, pseudogravity, and volumetric estimates for theHAMHportion of theHALIP
with global large igneous province analogs and discuss implications for Arctic tectonics. Our results show that the
closest analog to theHAMH/HALIP is the Kerguelen Plateau,which is considered a continental plateau intensively
modiﬁed by plume-related volcanism.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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1.1. Arctic Amerasia Basin physiography
The study area for this paper encompasses much of the Amerasia
Basin surrounding the Alpha and Mendeleev ridges (Fig. 1). The Alpha
andMendeleev ridges are the eastern (Alpha) and western (Mendeleev)
components of a continuous seaﬂoor high (bathymetric elevations range
from approximately 3500 mbsl to 2500 mbsl) that extends from the
Ellesmere Island portion of the Canadian Polar Margin (eastern side) to
the East Siberian Shelf (western side; see Fig. 1). The overall high is).
for Research in Environmental
ormation, Boulder, CO 80305-
. This is an open access article underapproximately 2000 km long and 200–400 km wide. For submarine ele-
vations shallower than 2500 mbsl, the Alpha and Mendeleev ridges are
two separately labeled oceanic features divided at a saddle (approximate
depth 2700 mbsl) known as Cooperation Gap (Treshnikov et al., 1966).
The shallowest portions of both the Alpha and Mendeleev ridges are
above 1000 mbsl.
The Lomonosov Ridge is a long (~1600 km) and narrow (typical
width about 170 km) seaﬂoor high (reaches submarine elevations
above 1000 mbsl) separating the Eurasia Basin from the Amerasia
Basin. The Lomonosov Ridge is a sliver of high standing continental
crust that was separated from the Barents shelf as a result of Cenozoic
seaﬂoor spreading in the Eurasia Basin.
Between the Alpha–Mendeleev ridge complex and the Lomonosov
Ridge lie the Makarov and Podvodnikov basins with seaﬂoor depths
N3500 mbsl. The Chukchi Borderlands is a bathymetrically complex,
high-standing seaﬂoor feature situated between the Alpha–Mendeleev
ridge complex and the Bering Sea Shelf. The Canada Basin is a large
deep water region (depths N3500 mbsl) bordered by the Alpha–the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Bathymetry/topography of the study area. International Bathymetric Chart of the Arctic Ocean (IBCAO; Jakobsson et al., 2012). The outline of the High Arctic Magnetic High (HAMH,
white polygon) is from Fig. 3. Heavy black lines (labeled A1, A2, and A3) show the locations of the geophysical models. Solid red lines show the locations of published transects across the
Alpha and Mendeleev ridges discussed in the text: A2000 from Lebedeva-Ivanova et al. (2006); ARTA from Funck et al. (2011); CESAR from Forsyth et al. (1986a,b); LOREX from Forsyth
and Mair (1984). Thin black lines show locations of (2007 to 2011) Louis S St. Laurent seismic reﬂection data. Yellow dots show locations of (2007 to 2011) sonobuoy deployments (Chian
and Lebedeva-Ivanova, 2015). Yellow squares show sonobuoy locations from Jokat et al. (2013). Red dots show locations of volcanic samples: 1) Van Wagoner et al. (1986); 2) Jokat et al.
(2013); 3) Brumley et al. (2013); Mukasa et al. (2009, 2015); 4) Morozov et al. (2013 a,b). The axis of Marvin Spur (MS) is shown with a yellow dotted line. AB = Amundsen Basin;
AX = Axel Heiberg Island; CB = Chukchi Basin; CG = Cooperation Gap; ELI = Ellesmere Island; NB = Nautilus Basin; NS = Nautilus Spur; NWR = Northwind Ridge; MB = Makarov
Basin; PB = Podvodnikov Basin; SB = Stefansson Basin; SS = Sever Spur.
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derlands, and the Alaskan Polar Margin.
1.2. Early geophysical interpretations for the High Arctic
The earliest regional Arctic magnetic interpretationswere published
in the 1960s and early 1970s based on reconnaissance proﬁles collected
at very high altitude (20,000 ft) in the early 1950s by the U.S. Air Force
and Coast and Geodetic Survey and in the 1960s at low altitude (450m)
by the University of Wisconsin (Ostenso, 1962; King et al., 1964, 1966;
Ostenso and Wold, 1971). US Geological Survey researchers King et al.
(1964, 1966) identiﬁed and mapped a “Central Magnetic Zone” that
with “considerable conﬁdence” they interpreted (based on comparison
with magnetic proﬁles from the Canadian Shield) as a “large sunken
block of continental rocks”.
Ostenso andWold (1971), in contrast, working with the same set of
magnetic proﬁles, concluded that the proﬁles crossing the Alpha Ridge
were consistent with similar proﬁles across the Atlantic Ridge near
Iceland. Vogt andOstenso (1980)modeled gravity proﬁles from ﬂoatingice islands T-2 and T-3 along with the early magnetic proﬁles to further
pursue an Atlantic Ridge analog interpretation for the “Alpha Cordillera”
(their terminology). TheU.S. Navy collected a series ofmagnetic proﬁles
across the central Alpha Ridge and much of the Canada Basin in 1977
and 1978. Taylor et al. (1981) analyzed these proﬁles over the Alpha
Ridge and concluded (1) the Alpha Ridgemagnetic character continued
beneath the sedimentary cover of Canada Basin, (2) the high amplitude
magnetic anomalies of the Alpha Ridge were not consistent with sea
ﬂoor spreading parallel to the ridge axis, and (3) the high amplitude
and irregular Alpha Ridge anomalies are similar to magnetic patterns
observed near Iceland.
Operating from more recent magnetic and gravity data grids, nu-
merous authors have associated the large amplitude magnetic patterns
in the Alpha–Mendeleev region with large volumes of basaltic rock
(e.g., Piskarev, 2004; Lebedeva-Ivanova et al., 2006; Vogt et al., 2006;
Grantz et al., 2009, 2011; Døssing et al., 2013). Based on “back of the en-
velope”magnetic and isostatic arguments, Vogt et al. (2006) gave an es-
timate of 10 × 106 km3maﬁc volume for the Alpha–Mendeleev volcanic
province. Using an unpublishedmagnetic data compilation, Grantz et al.
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Mendeleev LIP”. Saltus et al. (2011) used the IPY (International Polar
Year) magnetic compilation (Gaina et al., 2011) to deﬁne circum-
Arctic magnetic domains and included a (slightly) revised version of
the Grantz et al. (2009) “Alpha–Mendeleev LIP” Domain. Døssing et al.
(2013) examined, in some detail, the magnetic expression of the
Alpha Ridge portion of the High Arctic Magnetic High Domain
(HAMH), and concluded that it represents a portion of the High Arctic
Large Igneous Province (HALIP), and further suggested that it represents
the core source region for the HALIP.
Gaina et al. (2014) provided a comprehensive review of geophysical
data (including regional gravity, magnetics, and seismic tomography)
for the circum-Arctic and summarized the many open tectonic ques-
tions for the region. They concluded that the “nature of both the Alpha
andMendeleev ridges remains speculative because extensive volcanism
has overprinted and complicated the original geophysical signatures”.
1.3. Velocity structure of the Alpha–Mendeleev ridge complex
Only three long-offset seismic refraction experiments have been car-
ried out over the Alpha–Mendeleev ridge complex.
During the 1983 CESAR ice-camp operations (Jackson et al., 1985)
four reversed refraction lines were acquired over central Alpha Ridge
and the ﬂank of Makarov Basin. The resulting velocity structures
(Forsyth et al., 1986a,b; Asudeh et al., 1988) show a thin (~0.4 km)
low-velocity (1.8 to 2.4 km/s) sedimentary succession overlying a “sur-
prisingly uniform” upper crustal layer (Vp of 5.0–5.2 km/s), increasing
to 6.5 km/s at depths of only ~8 km. Mid-crustal velocities continue to
increase relatively smoothly, reaching values of Vp ~7.0 km/s at a max-
imumdepth of ~24 km. They also document an anomalous low-velocity
(6.8 km/s)mid-crustal block on their “strike” line to explain a time lag in
the observed ﬁrst arrivals. A high velocity lower crustal layer (Vp ~7.3 to
7.5 km/s) is documented on two their lines. Highly variable Moho
depths (based on Vp velocities exceeding 8.0 km/s) ranged from 24 to
40 km beneath the central Alpha Ridge and 21–25 km beneath the
ﬂank of Makarov Basin. The deepest Moho depths correspond with
the presence of the high velocity lower crust. These authors concluded
that the Alpha Ridge is an Icelandic-type structure generated by mantle
plume volcanism within an oceanic rift system.
The Arctic-2000 wide-angle refraction proﬁle across central
Mendeleev Ridge (Lebedeva-Ivanova et al., 2006) documents a signiﬁ-
cantly thicker sedimentary succession than the CESAR results. The upper-
most (0.1 to 0.7 km thick) (pelagic?) layer-1 has a Vp of 1.7 km/s and
overlies two higher velocity semi-consolidated and lithiﬁed siliciclastic
layers. Vp for layer-2 range from 2.3 to 2.6 km/s and increase in thickness
(max. 1.7 km) away from the ridge axis. Vp for layer-3 range from 3.2 to
3.6 km/s with maximum thicknesses of 1.2 to 1.6 km on the “arch of the
Mendeleev Ridge” and “western ﬂank” (towards Podvodnikov Basin)
and aminimum thickness (0.2 to 0.3 km) on the “eastern slope”. It is un-
clear whether the thicker sedimentary succession documented over the
Mendeleev Ridge (N 3.0 km) when compared with the CESAR results
over Alpha Ridge (b 0.5 km) is an indication of different (older?) sedi-
mentary processes, or simply a limitation of the resolution of the CESAR
refraction data. The crustal structure of the Arctic-2000 line shows a 3.6
to 4.0 km thick upper crustal layer (Vp of 5.0 to 5.4 km/s) overlying a
mid-crustal layer (Vp of 5.9–6.5 km/s) with a maximum thickness of
4 km. The lower crust (Vp of 6.7 to 7.3 km/s) is between 19 and 21 kmbe-
neath the centralMendeleev Ridge arch, and thins to b10 kmbeneath the
ﬂanks. A continuous high velocity layer (Vp of 7.4 to 7.8 km/s) is ~7 km
thick beneath the arch and thins to either side (~5 km thick to the east
and ~3 km to the west). Lebedeva-Ivanova et al. (2006) interpreted this
layer as a crust–mantle ‘mixed layer’, perhaps the result of underplating.
Moho (Vp of 7.9 to 8.0 km/s) reached amaximumdepth beneath the cen-
tral arch. These authors concluded that the Mendeleev Ridge was “com-
posed of continental [crust] that has been substantially altered during
the development of the deep Arctic Basin and associated magmatism”.The ARTA transect (Funck et al., 2011) extends from the coast of the
Canadian Polar margin onto the axis of the Alpha Ridge. The continental
margin is characterized by Vp values ranging from 5.5 to 6.6 km/s with
Mohodepths (Vp N 8.0 km/s) of ~30 km that thins abruptly to a depth of
~24 km. The margin is overlain by 2 to 6 km (Paleozoic? and younger)
sedimentary successions (Vp of 3.0 to 4.6 km/s). A thin (~1 km) drape
of low velocity sediments (Vp of 2.2 km/s) extends from the shelf
onto Alpha Ridge. The velocity structure of Alpha Ridge crust is
subdivided into three distinct layers. The upper (volcanoclastic) crust
(Vp of 4.7 to 5.4 km/s) ranges from 3 to 5 km in thickness. The mid-
crust (Vp of 6.1 to 6.6 km/s) ranges from 4 to 8 km in thickness. The
lower-crust (Vp of 6.8 to 7.3 km/s) ranges from20 to 24 km in thickness.
Unlike theMendeleev Ridge, a 6 to 8 km thick high-velocity (Vp of 7.5 to
7.6 km/s) “underplated” layer is only identiﬁed within the “transition
zone” between the continental crust and the Alpha Ridge crust. Moho
depths range from 26 to 32 km beneath the Alpha Ridge. These authors
concluded that the Alpha Ridge was a volcanic plateau resulting from
the “interaction between a plume and a seaﬂoor spreading center”.
Several authors have presented velocity structures over the Alpha–
Mendeleev ridge complex from sonobuoy deployments (e.g. Jokat
et al., 2013; Chian and Lebedeva-Ivanova, 2015). Although these data
are extremely useful in establishing the regional continuity of the veloc-
ity structures, the short offsets (typically b35 km) are only able to re-
solve the sedimentary succession and uppermost crustal layers.
2. The High Arctic Large Igneous Province (HALIP)
A Large Igneous Province (LIP) is deﬁned as a region where a large
volume of (generally maﬁc) magma was generated and emplaced
(e.g., Cofﬁn and Eldholm, 1994; Bryan and Ernst, 2008; Ernst and
Bleeker, 2010). Although there are examples where LIPs interact with
sea-ﬂoor spreading or subduction processes (e.g., Meyer et al., 2007;
Camp and Hanan, 2008), LIPs are considered to result from some
other process, frequently attributed to the actions of a hotspot ormantle
plume (Sleep, 1990, 1992; Cofﬁn and Eldholm, 1994; Ernst and Buchan,
2001; Campbell, 2005; Ernst and Bleeker, 2010). In addition to the sur-
face manifestation of regions with extensive basaltic rock present, LIPs
include deeper magmatic plumbing systems including dike swarms,
sills, layered intrusions, and deep maﬁc underplating. The term LIP
was not widely used prior to about 1990, but documentation of large
volume “hotspot” volcanismdates back to the1970s.Well knownglobal
LIP examples include the Deccan Traps, Iceland, the Siberian Traps,
Ontong Java Plateau, Kerguelen, and the Columbia River Basalts
(e.g., Cofﬁn and Eldholm, 1994; Ernst and Bleeker, 2010).
The presence and tectonic importance of inferred hotspot activity in
the high arctic was introduced and discussed from the late 1970s to the
mid 1990s by a number of authors (e.g., Vogt et al., 1979;Weigand and
Testa, 1982; Worsley, 1986; Weber, 1990; Lawver and Mueller, 1994).
To our knowledge, Tarduno (1998) and Maher (2001) were the ﬁrst
to apply the term High Arctic Large Igneous Province (HALIP) to a
broad portion of the high Arctic, including the Alpha Ridge and portions
of Svalbard and northern Canada. Despite these and many more publi-
cations relating or referring to theHALIP, this LIP is not uniformly recog-
nized nor included in all tectonic models of the Amerasia Basin (e.g., see
reviews by Lawver and Scotese, 1990, and Miller et al., 2010). Gaina
et al. (2014) examined the HALIP relative to the paleo-position of the
Iceland plume and concluded that the Iceland plume is an unlikely
source for the HALIP. They did conclude however that the HALIP was
formed, at least in part, above a mantle “plume generation zone”
(Torsvik et al., 2006) that provided a possible source.
2.1. HALIP rock samples from the Canadian and Eurasian margins
Maher (2001) provides a general summary of sample age ranges and
geochemical character for Cretaceous magmatic rocks from various
HALIP localities including Franz Josef Land, Svalbard, Northern
68 G.N. Oakey, R.W. Saltus / Tectonophysics 691 (2016) 65–84Greenland, and the Canadian Arctic. The composite age span for these
combined localities spans from 140 to 90 Ma with a possible 70 Ma
age cited for Northern Greenland and late stage volcanism as late as65 Ma on the Canadianmargin. The Franz Josef, Svalbard, and Northern
Greenland samples are from maﬁc and intermediate dikes, sills, and
ﬂows. The Canadian Arctic has the largest sampled region which
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and plutons. Although ages of the volcanic rocks range from early Creta-
ceous to early Paleogene, three main pulses have been identiﬁed
(Estrada et al., 2016): (1) 130 to 115 Ma regional basalt volcanism
from the Axel Heiberg area (Embry and Osadetz, 1988) and Ellef
Ringnes Island (Evenchick et al., 2015); (2) 102 to 95 Ma voluminous
basalt ﬂows of the Strand Fiord Formation on Axel Heiberg and sur-
rounding islands (Ricketts et al., 1985; Embry and Osadetz, 1988;
Embry, 1991; Estrada and Henjes-Kunst, 2013; Tarduno, 1998;
Balkwill, 1983; Evenchick et al., 2015; Osadetz and Moore, 1988;
Estrada, 2015). The ﬁrst two pulses include associated maﬁc tholeiitic
dikes and sills (e.g. Balkwill, 1978; Embry, 1991; Buchan and Ernst,
2006; Evenchick et al., 2015; Villeneuve and Williamson, 2006;
Estrada andHenjes-Kunst, 2013). TheNE–SW trends of these dikes sug-
gest a possible mantle plume centre beneath the Canadian end of the
Alpha Ridge (Embry and Osadetz, 1988; Buchan and Ernst, 2006;
Døssing et al., 2013); (3) 93 to 65 Ma late-stage alkaline, maﬁc to felsic
igneous suites (Estrada and Henjes-Kunst, 2004, 2013; Trettin and Par-
rish, 1987; Embry and Osadetz, 1988).2.2. Offshore sampling of the HALIP
Relatively few rock samples have been collected from the Alpha–
Mendeleev ridge complex itself, and of these, only a few published
and reliable age dates are available (see locations in Fig. 1). The ﬁrst
samples from Alpha Ridge were from the 1983 CESAR ice camp opera-
tions (Jackson et al., 1985). These dredge samples were highly altered
and age dating was not possible; however, the bulk geochemistry
(Van Wagoner et al., 1986) clearly identiﬁed alkalic basalts which
“strongly suggests that the Alpha Ridge was not formed by volcanism
at an island arc or a mature spreading centre”.
Morozov et al. (2013a,b) report U–Pb ages of 127 Ma for a drilled
sample from the northern Mendeleev Ridge (near Cooperation Gap)
and another on southern Mendeleev Ridge with a date of 260 Ma.
Jokat et al. (2013) document an Ar–Ar age of 89±1Ma for a basalt sam-
ple (PS051-041-1cc) collected on central Alpha Ridge. Brumley (2014)
and Mukasa et al. (2015) report Ar–Ar ages of 112 Ma, 100 Ma and
85–73 Ma for basaltic samples from the Mendeleev Ridge and Chukchi
Borderland. These younger ages are in the same general range as the
ages of HALIP-related igneous rocks from onshore areas of the Canadian
Polar margin (Estrada et al., 2016).
The apparent long-lived nature (130 to 80Ma) of igneous activity in
theHALIP region is a topic of current discussion and debate (e.g.Mukasa
et al., 2015). Current Arctic tectonic models (e.g. Shephard et al., 2013)
include possible complex combinations of LIP and rifting/seaﬂoor
spreading as contributors to the origin of the Alpha–Mendeleev ridge
complex. In their circum-Arctic review Gaina et al. (2014) characterize
an early (130–80Ma) tholeiitic phase (which they associate with a like-
ly plume source) and amore recent (85–60Ma) alkaline phase attribut-
ed to non-plume volcanism (Buchan and Ernst, 2006; Tegner et al.,
2011).
In summary, basaltic material from high Arctic regions associated
with the HALIP (Tarduno, 1998; Maher, 2001; Kingsberry et al., 2014)
and from dredge samples of the Alpha and Mendeleev ridgesFig. 2. Potential ﬁeld maps of the study area. The Andersen et al. (2010) global free air satell
compilation (Gaina et al., 2011) were used in this study. Featured are the outline of the newly
transects (thick black lines) and the 1000 m bathymetric contours (thin black lines). Abbrevia
The onshore portion of the gravity ﬁeld has been Bouguer corrected using a crustal density o
marine Bouguer correction has been applied to remove effects of bathymetric relief. The wate
bathymetry from the IBCAO Version 3.0 gridded data set. A 1000 km high-pass ﬁlter was
magnetic anomalies over the Alpha–Mendeleev ridge complex show high amplitude “chao
Makarov–Podvodnikov basins. The “F1 Alpha–Mendeleev LIP” magnetic domain (Saltus et al.,
2D) Pseudogravity. Pseudogravity (aka magnetic potential) was calculated using a Fourier-dom
A magnetic ﬁeld strength of 8.0 A/m was “replaced” mathematically with an equivalent den
~1.3 × 106 km2. The two deeply incised “notches” (L1 and L2) observed in the Canada Basin
(see Fig. 2C) and may represent areas with reverse polarity remanent magnetization. L3 = pse(Andronikov et al., 2008; Mukasa et al., 2009, 2015; Brumley et al.,
2013; Petrov et al., 2015) generally show two broad sets of ages, one
ranging from about 130 to 120 Ma, and the other from 90 to 80 Ma.
Overall the submarine (Alpha–Mendeleev) portion of theHALIP is poor-
ly sampled.
3. Gravity and magnetic compilations of the Arctic
The gravity data used in this study are from the Andersen et al.
(2010) global free air gravity compilation, which combined the Danish
National Space Center's DNSC08GRA 1-arcminute global marine gravity
(obtained from satellite altimetry) and the EGM2008 5-arcminute grav-
ity anomalies on land (Pavlis et al., 2008). Gravity anomalies from the
Kenyon et al. (2008) Arctic Geoid Model (ArcGP version 06-01) and
laser altimetry from ICESat (Zwally et al., 2002) were used to close the
polar gap in the satellite coverage.
Themagnetic anomaly data used in his study is from the Internation-
al Polar Year Circum-Arctic Mapping Project (CAMP) compilation
(Gaina et al., 2011).
3.1. Marine free air gravity anomaly/onshore Bouguer gravity anomaly
Since the onshore free air gravity is dominated by topographic ef-
fects, both terrain and Bouguer corrections were applied using the ele-
vation model obtained from the IBCAO Version 3.0 gridded data set
(Jakobsson et al., 2012). The correctionswere derived using a technique
to calculate the cumulative effect of 3-D cubes (Nady, 1966; Oakey,
2005), eachwith an area of 500× 500m and 100m thick using a crustal
density of 2670 kg/m3. Ice covered areas were further corrected using
the Bamber et al. (2001a,b) ice thickness model for Greenland and the
ice thickness model for Arctic Canada of Oakey and Stephenson
(2008); the ice density was speciﬁed as 900 kg/m3. Since the topogra-
phy in the IBCAO compilation has a signiﬁcantly higher resolution
than the gridded gravity data, the calculated (full-resolution) Bouguer
correction has a higher frequency content. Pre-ﬁltering (or re-
gridding) of the topography signiﬁcantly reduces the dynamic range
of the elevation values and does not adequately compensate the topo-
graphic effects. It was determined that the optimal solutionwas to com-
pute the full-resolution Bouguer correction and then apply a 24 km low-
pass ﬁlter (which is slightly larger than the Nyquist frequency of the 5
arc-minute gravity grid) prior to adding to the free air gravity.
Free air gravity anomalies over theAlpha–MendeleevRidge (Fig. 2A)
show an irregular pattern of positive and negative anomalies
(±60 mGal) which generally correspond with bathymetric highs and
lows. Large free air gravity highs (N80 mGal) are associated with the
Lomonosov Ridge and bathymetric highs over the Chukchi Plateau.
Semi-continuous “shelf-edge” gravity highs (in places N100 mGal) ex-
tend along the entire length of the Canadian PolarMargin and segments
of the East Siberian Shelf. Low amplitude (b−40mGal) gravity lows ex-
tend over most of Canada Basin; however, there is a broad gravity high
(~20 mGal) adjacent to Northwind Ridge. Most of Stefansson Basin ex-
hibits positive free-air anomalies (N20 mGal) and there are numerous
isolated highs and lows over Nautilus Basin. The Makarov and
Podvodnikov basins generally have a negative free air gravity anomalyite-derived gravity compilation and the International Polar Year (IPY) CAMPM magnetic
-deﬁned HAMH domain boundary (thick white line); the locations of the three modeled
ted place names are from Fig. 1. 2A) Marine free air/onshore Bouguer Gravity Anomalies.
f 2670 kg/m3 and 900 kg/m3 for ice. 2B) Onshore/offshore Bouguer Gravity Anomalies. A
r column was (numerically) replaced with crustal density rocks (2670 kg/m3) using the
applied to remove (long-wavelength) isostatic effects. 2C) Total-ﬁeld magnetics. The
tic” patterns that extend beneath the sedimentary cover of the Canada Basin and the
2011) (dashed white line) is shown to compare with our new HAMH domain boundary.
ain inversion method which converts the magnetic dipole source to a monopole source.
sity of 2670 kg/m3. The closed contour (isoline) of the pseudogravity covers an area of
side of the HAMH isoline boundary correspond with large negative magnetic anomalies
udogravity low over Nautilus Spur.
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rectly correlated with bathymetric features in these basins.
3.2. Marine Bouguer gravity anomaly
The medium and short wavelength free air gravity anomalies are
dominated by effects caused by the bathymetric relief (i.e., positive
gravity anomalies correlate with bathymetric highs and gravity lows
correlate with bathymetric lows). In order to remove these bathymetric
effects, a marine Bouguer gravity anomaly was calculated with the
IBCAO Version 3.0 compilation using the same technique applied to
the onshore free air gravity (described in Section 3.1); however, a
shorter high-pass ﬁlter was applied (12 km rather than 24 km). The
water column (density of 1030 kg/m3) was substituted with crustal
density rocks (density of 2670 kg/m3). A 1000 km high-pass Fourier ﬁl-
ter was applied to restore (long-wavelength) isostatic equilibrium.
In general, mid- and short-wavelength (b100 km) residual Bouguer
gravity highs can be caused either by basement highs (buried beneath
sedimentary cover and therefore not removed by the Bouguer correc-
tion) or high density crustal blocks (e.g., dense maﬁc intrusions in con-
tinental crust). The resulting residualmarine Bouguer gravity anomalies
(Fig. 2B) show a semi-continuous low (−40 to −30 mGal) over the
Alpha–Mendeleev ridge complex with no signiﬁcant variation, which
implies that there is minimal lateral variability in the density structure
(consistentwith interpretations ofWeber, 1986; Dove et al., 2010). Pro-
nounced Bouguer gravity lows (b60mGal) are associated with both the
Lomonosov Ridge and the Northwind Ridge, which suggests that the
structures include signiﬁcant thicknesses of low-density (sedimenta-
ry?) material. The shelf-edge anomalies along the Canadian Polar Mar-
gin and East Siberian Shelf have been signiﬁcantly reduced, and in
some locations eliminated. Longer wavelength (N100 km) highs can
also be produced over sedimentary basins that are not isostatically bal-
anced (i.e. the sediment volume is replacing water rather than crust).
The residual shelf-break Bouguer anomalies on the Canadian PolarMar-
gin may represent either thick non-isostatically compensated sedimen-
tary basins or deep high-density basement structures. The residual
Bouguer gravity highs (N40mGal) over the Chukchi, Makarov, Nautilus,
and Stefansson basins are interpreted to be the result of non-
isostatically compensated sedimentary basins.
3.3. Total ﬁeld magnetic anomaly
The magnetic anomaly data (Fig. 2C) show a distinctive domain of
high-amplitude magnetic highs and lows with a chaotic map pattern
over the Amerasia Basin, classiﬁed by Saltus et al. (2011) as the
“Alpha–Mendeleev LIP”. Based on more detailed analysis, we have re-
ﬁned the boundaries of this domain which we call the HAMH. Within
the HAMHmagnetic anomaly values in the circum-Arctic (Gaina et al.,
2011) grid range from −950 to +1370 nT. The original domain of
Saltus et al. (2011) spans an area of 1.5 × 106 km2 with an oblong
shape that is roughly 1780 kmon the long axis by 885 kmon the shorter
axis.
3.4. Pseudogravity (magnetic potential) — deﬁnition of the HAMH
To quantitatively deﬁne the boundaries and highlight the long-
wavelength (and thus deeper) nature of the HAMH we use the
pseudogravity transformation. Pseudogravity (also known as magnetic
potential; see Blakely, 1995) is an alternate mathematical expression
of total-ﬁeld magnetic anomalies. This transformation is calculated in
the Fourier frequency domain as a function of 1/r where r is the wave-
number. The transformation also includes an angular component
based on magnetic inclination. The transformation to pseudogravity
“simpliﬁes” the resulting ﬁeld (as compared to the original dipole
total-ﬁeld) in two fundamental ways: (1) the transformation removes
the asymmetric dipole effects of geomagnetic latitude on the form ofanomaly patterns, and (2) the transformation changes the depth-to-
source dependence from distance cubed to distance squared. The trans-
formed ﬁeld has depth-to-source dependence characteristics similar to
that of gravity data (thus the term “pseudogravity”).
For regional scale geologic interpretation and modeling, pseu-
dogravity provides a greater emphasis on deeper portions of the crust
and on thicker physical property domains versus standard total-ﬁeld
magnetic anomalies. For example, the pseudogravity anomaly resulting
from a spherical magnetic source body is a single discrete high centered
above the source body. The total-ﬁeld magnetic expression of the same
source body is a combination of magnetic lows and highs in which the
relative location and strength of the component highs and lows are de-
pendent on the geomagnetic latitude— the anomaly pattern at high lat-
itude is a central high surrounded by a circular low “moat” whereas the
pattern at mid latitudes is skewed so that the low zone is asymmetric
and the center of the high is shifted away from the source midpoint.
For our study, the geomagnetic pole is within the area, so an average
near 90°magnetic inclination value does not produce these “phase-com-
ponent” artifacts.
As a practical matter, when converting from a total-ﬁeld magnetic
anomaly grid to pseudogravity, the resulting transformation will inevi-
tably include a spurious long-wavelength tilt as a result of the incom-
plete representation of the longest wavelength total-ﬁeld anomalies in
the original grid (e.g., the ideal transformation would take place at the
center of an inﬁnite grid). We remove this spurious trend using a
2000 km high-pass ﬁlter. The resulting pseudogravity ﬁeld is shown in
Fig. 2D. The parameters used in calculating the pseudogravity are a “re-
placement” of amagnetic ﬁeld strength of 8.0 A/mwith a density equiv-
alent of 2670 kg/m3. Changing this ratio will affect the resulting
pseudogravity amplitude ranges, but is only a linear scalar effect and
does not impact the resulting geometry of the HAMH.
The pseudogravity representation allows for a robust, repeatable,
and quantiﬁable mapping of the HAMH domain boundary following
a pseudogravity isoline (a closed contour around the high values) as
shown in Fig. 2D. We describe the geometry of the HAMH boundary
in Section 4. In summary: we deﬁne the HAMH as a distinctive zone
of high amplitudemagnetic highs and lowswith no single directional
pattern that falls within a closed pseudogravity high. The aerial
extent of the HAMH (~1.3 × 106 km2) encompasses the Alpha–
Mendeleev ridge complex as well as some of the adjoining deep
water regions including portions adjacent to the Canada and
Makarov–Podvodnikov basins.
4. Association of the HAMH with the HALIP
We interpret the HAMH as a geophysical manifestation of the vo-
luminous maﬁc intrusions and extrusions of the HALIP in the region
surrounding and including the Alpha–Mendeleev ridge complex. A
primary reason for this conclusion is the spatial coincidence of the
geophysical domain and the known and inferred extent of LIP igne-
ous geology for the Alpha–Mendeleev ridge complex (e.g., Maher,
2001).
We are not the ﬁrst to associate high-amplitudemagnetic anomalies
in the high Arctic with LIP volcanism. Weber (1986, 1990) concluded
from examination and modeling of gravity and bathymetry from the
1983 “Canadian Expedition to Study the Alpha Ridge” (CESAR), avail-
able magnetic proﬁles, and satellite magnetic anomalies that the
Alpha Ridge consists of a relatively homogeneousmaﬁc crust, consistent
with a plume (hotspot) origin source as suggested by Forsyth et al.
(1986a,b). We agree with many of Weber's (1986, 1990) conclusions
and, with the beneﬁt of more comprehensive magnetic data coverage
and additional geophysical constraints, can model the HAMH with
greater detail and conﬁdence. Gaina et al. (2014) cite an overprint of ex-
tensive volcanism as a characteristic of the Alpha–Mendeleev ridge
complex. It is exactly this extensive component that we seek to
characterize.
Fig. 3. P-wave velocity/density relationship for gravity modeling. P-wave velocities from
wide-angle seismic lines (Forsyth and Mair, 1984; Forsyth et al., 1986a,b; Funck et al.,
2011) and sonobuoy stations (Chian and Lebedeva-Ivanova, 2015) were used to assign
density values for the gravity modeling based on an empirical relationship with
velocities (Ludwig et al., 1970) (grey dots). This relationship is compared with
published velocity–density values for basalts (e.g. Christensen, 1976, 1977; Christensen
et al., 1974, 1979, 1980a,b; Salisbury and Christensen, 1976; Schreiber and Fox, 1977)
(black diamonds), serpentinites (e.g. Christensen, 1966, 2004; Courtier et al., 2004)
(grey squares) and dredge samples collected from the USCGS Healy in 2009 (Salisbury,
pers. comm; yellow dots).
71G.N. Oakey, R.W. Saltus / Tectonophysics 691 (2016) 65–84The “F1” (Alpha–Mendeleev Large Igneous Province — LIP) Domain
described by Saltus et al. (2011) was based on a qualitative assessment
of high amplitude magnetic anomalies over the Amerasia Basin. The F1
Domain (Fig. 2C) covers an area of ~1.5 × 106 km2 and includes a signif-
icant portion of the Lomonosov Ridge, the shelf region of the Canadian
Polar Margin, and the magnetic highs along the Canada Basin edge of
the Chukchi Plateau (adjacent to Northwind Ridge, Figs. 1 and 2C).
Our revisedHAMHdeﬁnition (Figs. 1 and2) is based on a closed contour
in the calculated magnetic potential (aka. pseudogravity), and repre-
sents the geographic area of the HALIP (~1.3 × 106 km2) with a deep-
crustal root. Using this deﬁnition, the Lomonosov Ridge is not included,
and the newboundary lies (approximately) along theMarvin Spur (MS)
(Figs. 1 and 2). The revised HAMH boundary shows that (in addition to
the Canadian Polar Margin) the Domain extends to onshore Ellesmere
Island. The pseudogravity-deﬁnedHAMHdoes not include the high am-
plitude magnetic anomalies adjacent to Northwind Ridge — indicating
that the magnetic sources of these features do not a have a deep-
crustal root. The new HAMH Domain now includes a portion of the
East Siberian Shelf, which was not part of the Saltus et al. (2011) F1
Domain.
On the Canada Basin ﬂank of the Alpha Ridge, the HAMH boundary
has two pronounced embayments: one within Nautilus Basin; the
other within Stefansson Basin. These correspond with large negative
magnetic lows (L1 and L2). We speculate that these magnetic lows are
over non-magnetic (continental?) crustal blocks or possibly areas
with reversed remanent magnetization. In the same context, another
pseudogravity low over the Nautilus Spur (L3) may also be sourced by
a block of non-magnetized (or negatively magnetized) crust.
5. Geophysical transects of the Alpha Ridge
To investigate the crustal structure of theHALIPwe have constructed
2-D forward gravity and magnetic models constrained by depth inter-
faces from seismic interpretations, velocity/density functions from so-
nobuoy analysis and wide-angle seismic refraction proﬁles.
In constructing these geophysical block models, we follow a mini-
malist philosophy (i.e., to use as few discrete bodies as possible to
match the broad gravity and magnetic anomalies). The initial geometry
of each model was constructed with the known seismic constraints
along each transect. The models were extended over 500 km on either
side to prevent edge effects in the calculated gravity and magnetic
values. Density values were assigned to each block (see Section 5.1),
and the model geometry was ﬁrst modiﬁed to ﬁt the gravity data
since the bulk densities of the rock units are better constrained and
large-scale changes are required to affect the long wavelength compo-
nent of the gravity ﬁeld (e.g. depth to Moho). Once an initial gravity-
deﬁned crustal geometry was developed, magnetization values were
assigned to the model blocks, ﬁrst assuming a simple induced magneti-
zation with the geometry of the blocks deﬁned by the gravity model,
and then adding remanent magnetization as required. A magnetic
ﬁeld value of 57,500 nT, with a magnetic inclination of 90° and a decli-
nation of 0° (since we are close to the geomagnetic pole) were used
for all models. Several iterations were made for each model until a geo-
logically realistic solutionwas obtained. Gravity andmagneticmodeling
was carried out using GM-SYS (PRO)™ v.4.10.
5.1. Velocity–density conversion
As there are nodeep-water drill holes in this part of theArctic region,
rock densities were assigned using sonobuoy interval velocities and an
empirical velocity–density relationship of laboratory sample measure-
ments (Ludwig et al., 1970).
This relationship is consistent with published (Vp) velocity–density
values for basalts (e.g. Christensen, 1976, 1977; Christensen et al., 1974,
1979, 1980a,b; Salisbury and Christensen, 1976; Schreiber and Fox,
1977), serpentinites (e.g. Christensen, 1966, 2004; Courtier et al.,2004) and dredge samples collected from the USCGS Healy in 2009
(Salisbury, pers. comm., 2014). Although the 2009 USCGS Healy dredge
samples were highly altered, and the measured Vp velocities were
anomalously low for the respective lithologies (Salisbury, pers. comm.,
2014), their Vp–rho relationships do ﬁt the Ludwig et al. (1970) curve.
The large range of Vp values for serpentinites (4.6 to 8.4 km/s) reﬂects
the degree of alteration of the original mineralogy (e.g. olivine). The
highest values represent 0% alteration and the lowest represent 100% al-
teration. Vp values for basalts range from 4.6 to 7.2 km/s and cannot be
uniquely distinguished from serpentinized ultramaﬁc rocks. For our
gravity modeling, prior lithological interpretation is not required as all
lithologies follow the same Vp–rho relationship. We only need Vp con-
straints to reasonably assign appropriate density values.
In Fig. 3 we show the Ludwig et al. (1970) Vp–density plot overlain
with the basalt, serpentinite, and Healy dredge sample data mentioned
above. The colour coding is the same as shown in the (Figs. 5 and 6)
model results. For clariﬁcation, the velocity–density intervals have
been summarized in Table 1.5.2. Magnetization
Modeling the magnetic sources for the HAMH requires some ad hoc
assumptions since there are no independentmeasurements of the deep
magnetic properties of the high Arctic crust (i.e., no deep drill holes).
Dredge samples collected aboard theUSCGSHealy in 1990 on the north-
ern portion of the Chukchi Plateau recovered six basalt samples (see
Fig. 1 for locations). Although these samples are not within the HAMH
domain, they provide some constraints on the magnetization of the
Table 1
P-wave velocities and associated densities used in the modeling.
Lithology P-wave velocity range
(km/s)
Density
(kg/m3)
Low velocity sediments b2.6 2000
Medium velocity sediments 2.6 to 4.5 2400
High velocity sediments or volcanoclastics 4.5 to 5.0 2500
Low density (volcanic) crust 5.0 to 5.6 2600
Medium density crust 5.6 to 6.7 2800
High density crust 6.7 to 7.1 2900
Alpha Ridge crust 7.1 to 7.4 3000
Underplated crust 7.4 to 8.0 3100
Mantle N8.0 3300
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ranges from 27 to 142 × 10−3 SI units (median value of 63 × 10−3)
(Salisbury pers. comm., 2014), fairly typical for basalts, and suggest
that extremely high (induced) magnetization for a shallow and thin
magnetic layer is not the cause of the high magnetic amplitudes within
the HAMH.
The Cretaceous igneous rocks collected from the Canadian Polar
Margin (Estrada et al., 2016) show a signiﬁcant range of the magnetic
susceptibility values. Rock samples from theWooton Intrusive Complex
vary between 0.7 and 68 × 10−3 SI units, and from the Hansen Point
Volcanic Complex between 0.4 and 61 × 10−3 SI units.
To match observed anomaly amplitudes the magnetic models re-
quired some very high bulk magnetization values (N250 × 10−3 SI).
Since these values exceeded the range of susceptibility measurements
cited above, we included a combination of induced and normal rema-
nent magnetization for some of the modeled magnetic bodies.5.3. Simpliﬁed cross section/geologic cartoon (A1)
Transect A1 (Fig. 4) is a ~1600 km, gravity/magnetic cross section
model that extends from the Canada Basin, across the Alpha Ridge,
through the Makarov Basin to the Lomonosov Ridge (Figs. 1 and 2).
For this model we take a generalized approach to demonstrate that a
simpliﬁed source-body geometry is capable of matching the ﬁrst-
order features of the gravity and magnetic anomalies.
We model a simpliﬁed crust as a single layer with a density of
2800 kg/m3 and a higher-density (3000 kg/m3) beneath the Alpha
Ridge. A 5-layer density model (water, sedimentary rocks, crust, crustal
root, mantle) ﬁts the free air gravity anomaly reasonably well (Fig. 4B).
The shorter wavelength variations result simply from the bathymetric
variations (i.e., the lateral density contrast of crustal rocks with
water). The generally lower free air gravity over the Canada Basin re-
sults from the lateral density juxtaposition of oceanic sedimentary
rocks with crystalline crustal rocks. The broad gravity swell over the
Alpha Ridge is caused by the combined high of the long wavelength
component of the Alpha Ridge with a compensating low caused by the
crustal root.
We ﬁt the magnetic anomalies (Fig. 4A) using a set of crustal blocks
with varying magnetic intensities (a combined effect of induced and
remanent magnetization). The magnetic data was upward continued
by 10 km to emphasize bulk crustal features at the expense of noisy
shallow variations. We chose to ﬁx the top of these blocks to the top
of the crystalline crust, ﬁxed themagnetic intensity based on the overall
amplitude of themagnetic anomalies in that zone, then inverted for the
bottom geometry of the blocks. Of particular note is the presence of a
source bodywith reverse polaritymagnetization (−60 SU) correspond-
ing to the large “Nautilus Spur”magnetic low between 600 and 750 km
along the modeled transect (Fig. 4C). This magnetic low cannot be pro-
duced without reversed remanentmagnetization. The tectonic implica-
tion is that the emplacement of this portion of the HALIP volcanics
ranged over a time period which included a magnetic polarity reversal.The resulting geologic model (Fig. 4D) is a conceptual illustration of
the portion of the crust affected by a deep crustal dike and sill emplace-
ment related to the HALIP. The highly magnetic blocks reﬂect the bulk
effects of intruded and underplatedmaﬁc and ultramaﬁc material relat-
ed to the LIP event and support the interpretation that the total vertical
dimension of intrusive/extrusive material in the upper crust ranges
from about 5 to 10 km.
5.4. “Coupled” 2D modeling
An alternativemethod formodeling the gravity andmagnetic anom-
alies is to use laterally continuous source-body layerswith uniformden-
sity and magnetization values. Modeling is done by modifying the
geometry of the layer interfaces to simultaneously ﬁt both the observed
gravity andmagnetic anomalies. P-wave refraction velocities were used
to constrain the assigned density values of the modeled layers (as de-
ﬁned by the Vp–rho relationship). Magnetization values assigned to
each layer were modiﬁed experimentally to best ﬁt the amplitudes
and wavelengths of the observed magnetic anomalies. Since the gravity
and magnetic ﬁelds obey different wavelength dependent depth-to-
source relationships (1/r2 for gravity and 1/r3 for magnetics), the differ-
ent wavelengths of the observed data provide some constraints on the
depths that modiﬁcations can bemade to themodel. This “coupled” ap-
proach minimizes the necessity of assigning arbitrary (and uncon-
strained) physical properties to the source bodies.
5.4.1. Axial proﬁle (A2)
Transect A2 (Fig. 5) is a ~1200 km long proﬁle extending from Axel
Heiberg Island on the Canadian Polarmargin along the long bathymetric
axis of the Alpha Ridge. The near shore section of the proﬁle coincides
with the ~360 km long seismic refraction line of the ARTA experiment
(Funck et al., 2011). Since this model is constrained by a large number
of seismic receiver stations (with an average spacing of 1.4 km), it has
a complex crustal geometry. A simpliﬁed version of the gravity model
of Funck et al. (2011) was incorporated in our model. Moho depths
from the CESAR “strike-line” seismic refraction proﬁle (Asudeh et al.,
1988) were used as preliminary constraints for the central portion of
the model (~500 to 700 km). Sonobuoy velocities from Jokat et al.
(2013) and Chian and Lebedeva-Ivanova (2015)were used to constrain
theupper crustal density structure at the distal end of the proﬁle. TheA3
“cross-line” model intersects at ~820 km.
Over the continental platform and nearshore portion of the transect
(0 to 300 km) the magnetic anomalies (Fig. 5A) have low amplitudes
(−200 to +50 nT; typical of continental crust). High amplitude mag-
netic anomalies (−500 to 1500 nT) are observed along the entire length
of the Alpha Ridge portion of the transect (within the HAMH).
Free air gravity anomalies along the A2 transect (Fig. 5B) are highly
variable, with amplitudes ranging from ~−25 to +70 mGal. A mean
gravity anomaly of ~+25mGal suggests that the ridge is not in local iso-
static balance (i.e., the crust has signiﬁcant structural rigidity and iso-
static support is distributed regionally).
Individual free air gravity highs correlate closely with bathymetric
highs along this proﬁle. The Bouguer corrected gravity removes most of
the bathymetric correlation; however, a signiﬁcant broad residual low
Bouguer anomaly over the central portion of the proﬁle (~−25 mGal)
could indicate relatively lower deep crustal densitieswhich could contrib-
ute buoyancy to regional isostatic compensation.
The continental portion (left side) of the model (Fig. 5C) includes a
2900 kg/m3 lower crust and 2800 kg/m3 upper crust. A mid-crustal
moderately magnetic layer (5 × 10−3 SI) was required to ﬁt the ob-
served magnetic anomalies (Fig. 5D). Medium density (2500 kg/m3)
(Paleozoic and Mesozoic?) and (2400 kg/m3) (Cenozoic?) non-
magnetic sedimentary successions extend off the continental platform
onto the slope regions of the margin.
Adjacent to the continental platform, the crust is modeled with a
lower (2900 kg/m3) non-magnetic layer and an upper (2600 kg/m3)
Fig. 4. Generalized proﬁle/cartoon (A1). Geophysical block model (2D forward model) along transect A1 (location shown in Figs. 1 and 2). The top panel (4A) shows the observed and
calculated regional magnetic ﬁeld (upward continued by 10 km to emphasize crustal scale features). The second panel (4B) shows the observed and calculated free air gravity
anomaly (as observed at sea level). Panel 4C shows the block model geometry. The black stippled areas are the positively magnetized blocks. The white stippled block has negative
(reversed) magnetization. The bottom panel (4D) shows the geologic interpretation of the geophysical block model.
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(both induced and remanent). Funck et al. (2011) identiﬁed a high ve-
locity (N7.5 km/s) (underplated) layer in this “transition” portion of
the margin, which we modeled as a 3100 kg/m3 layer. This layer does
not appear to contribute signiﬁcantly to the magnetic anomalies. A
volcanoclastic layer (2500 kg/m3) with moderate magnetization
(25 × 10−3 SI, no remanent magnetization) is modeled from the outer
edge of the “transitional zone” across all of Alpha Ridge. A thin lowdensity (2000 kg/m3), non-magnetic (Paleogene?) sedimentary layer
drapes over all of the Alpha Ridge and onto the continental margin.
The Alpha Ridge portion of the transect was modeled with a thick
(3000 kg/m3) lower crustal layer, a mid crustal (2900 kg/m3) layer,
and an (2600 kg/m3) upper crustal layer. Based on estimates of Curie
temperature depths in this region (Taylor et al., 1986), all of the Alpha
Ridge crust was considered magnetic. Most of the lower crustal layer
was assigned moderate magnetization values (25 × 10−3 SI) with no
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assigned high magnetization values (85 × 10−3 SI) as well as a signiﬁ-
cant remanentmagnetization component (7 A/m; Fig. 5). Asmentionedin Section 5.2, higher induced magnetization values could have been
assigned to these layers; however, they would be inconsistent with
measured laboratory values of typical volcanic rocks. Additionally,
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the proﬁle) cannot be modeled with shallow sources, and a signiﬁcant
portion of the lower crustal layer (LC2) also required a remanent mag-
netization component. The center of the “deep magnetic root” (at ca.
800 km) corresponds with the maximum value of the calculated
pseudogravity (green proﬁle).
A volcanoclastic layer (2500 kg/m3 with moderate magnetization
(25 × 10−3 SI, no remanent magnetization) is modeled across all of
Alpha Ridge. This layer does not appear to onlap the “transition” portion
of themargin. A thin (~1 km) low density (2000 kg/m3), non-magnetic
sedimentary layer extends from the continental margin across all of the
Alpha Ridge.
Moho depths for the continental platform are 30 to 34 km and shal-
low abruptly to a minimum of ~28 km at the inner edge of the “transi-
tional zone”. Modeled Moho depths range between 28 and 35 km for
most of the Alpha Ridge, with the deepest values (ca. 800 km) coinci-
dent with the position of the lower crustal magnetic root.5.4.2. Alpha Ridge cross-line (A3)
The Alpha Ridge cross-line transectmodel (A3) is ~1400 km long and
extends from the Canada Basin to the Amundsen Basin (Fig. 6). The crust-
al geometry of the Lomonosov Ridge is constrained by the LOREX seismic
refraction line (Forsyth andMair, 1984). The geometry of the upper crust-
al portion of the Alpha Ridge adjacent to the Canada Basin (ca. 0 to
450 km) is constrained by seismic reﬂection data collected by joint
Canada/U.S. icebreaker operations (Mosher et al., 2009). Refraction seis-
mic velocities from seven sonobuoy stations (Chian and Lebedeva-
Ivanova, 2015) coincident with the seismic line were used to deﬁne the
density values in the modeling. Although Chian and Lebedeva-Ivanova
(2015) report Mantle reﬂection (PmP) and refraction (Pn) arrivals from
some of the sonobuoy stations on the Canada Basin ﬂank of Alpha
Ridge, the quality of these deep arrivals is poor, and theirMoho depth es-
timates (16 to 17 km)were used only as initial constraints in ourmodels.
The Axial transect model (A2) intersects at ~840 km.
For the entire extent of the Alpha Ridge cross-line, large amplitude
(~−450 to +650 nT) magnetic anomalies (Fig. 6A) are observed. The
largest amplitudes are between ca. 700 and 1050 km and correspond
with the maximum values of the calculated pseudogravity at the axis
of the Alpha Ridge.
The free air gravity anomalies along the A3 transect (Fig. 6B) are
smaller on the Canada Basin ﬂank of the Alpha Ridge (between ca. 100
and 400 km) with values ranging from ~−5 to +10 mGal. A zero mean
value for this portion of the transect is consistentwith local isostatic equi-
librium. Between ca. 700 and 1050 km, the free air gravity anomalies
have a much higher amplitude range (~−20 to +50 mGal) and a mean
value of ~+15 mGal, which suggests that the central (axial) portion of
the Alpha Ridge has signiﬁcant structural rigidity (with regional isostatic
compensation). A large free air gravity high (~70 mGal) is coincident
with this portion of the Lomonosov Ridge. Similar to the Axial transect
(A1), individual free air gravity highs correlate with bathymetric highs,
which are (mostly) removed by the Bouguer correction. There are two
notable exceptions: at ~400 km (over Nautilus Spur) and at ~1250 km
(over Lomonosov Ridge). In both cases, the Bouguer correction (using
2670 kg/m3) overcompensates, suggesting that the bathymetric highs
consist of lower density material.Fig. 5.Alpha Ridge axial proﬁle (A2). Detailed geophysical proﬁlemodel extending from the Can
A2 on Figs. 1 and 2). Synthetic proﬁles of bathymetry (Jakobsson et al., 2012); free air gravity (A
published grids for the modeling. 5A shows the observed and calculated magnetic anomalies a
gravity anomalies and the marine Bouguer anomaly (blue line). 5C shows the geometry de
parameters used in the magnetic modeling. The locations of the wide-angle refraction seism
1988). Also shown are the sonobuoy station positions (yellow squares from Jokat et al., 2013;
A1 model. CPM= Canadian Polar Margin; LC1 = moderately magnetized lower crust; LC2 =Two crustal layers were assigned to Amundsen Basin (2800 and
2900 kg/m3). Only the upper layer was magnetic (25 × 10−3 SI induced
and 7 A/m remanent magnetization). A medium density (2500 kg/m3)
magnetized (25 × 10−3 SI induced; no remanent component)
volcanoclastic layer extends from the Canada Basin across Alpha Ridge
and into the Makarov Basin. This layer does not extend across
Lomonosov Ridge. It has a maximum thickness of ~2 km over the axis
of Alpha Ridge. The Lomonosov Ridge was modeled with a (non-mag-
netic) lower crustal layer (2900 kg/m3) and an upper crustal layer
(2800 kg/m3) with a moderate magnetization (50 × 10−3 SI induced;
no remanence). Two non-magnetic, low-density sedimentary layers
were included in the model. The thickness of the lower (2400 kg/m3)
layer ranges from ~2 to 4 km within the Canada and Makarov basins
and only ~1 km within the Amerasia Basin. The thin (b1 km) upper
layer (2000 kg/m3) was modeled across all of the transect.
Aswith the Axial Transect (A2), the Alpha Ridgewasmodeledwith a
lower crustal layer (density of 3000 kg/m3), amid-crustal layer (density
of 2900 kg/m3), and an upper crustal (volcanic) layer (density of
2600 kg/m3) (Fig. 6C). Both themid-crustal and upper crustal layers re-
quired high magnetization values (85 × 10−3 SI induced and 7 A/m
remanent). The lateral extent of these highly magnetic layers corre-
sponds with the HAMH deﬁned by the pseudogravity. The (combined)
mid- and upper-crustal layers of the Alpha Ridge range from ~5 to
8 km and are thickest on the Canada Basin ﬂank. Most of the lower
crustal layer (LC1) was assigned moderate magnetization values
(25 × 10−3 SI induced) (Fig. 6D); however, the uppermost 6 to 8 km
(LC2) required high magnetization values (both 85 × 10−3 SI induced
and 7 A/m remanent). The model shows a large variability in interface
depths between LC1 and LC2 beneath Nautilus Spur — i.e. large (deep)
lateral magnetization contrasts are required to ﬁt the amplitudes and
wavelengths of the observed magnetic anomalies. This could alterna-
tively bemodeledwith localized source-bodies having either extremely
high magnetization or reversed remanent magnetization.We preferred
tomaintain a simple approach andminimize the variability in the phys-
ical properties of the source bodies. In detail, the model is only able to
identify that there is a complex magnetization structure and cannot re-
solve internal compositional and structural detail.
The (oceanic?) crustal layer in Canada Basin (density 2800 kg/m3)
required moderate magnetization values (25 × 10−3 SI). The high den-
sity underplated layer (3100 kg/m3)modeled beneath the Canada Basin
ﬂank of Alpha Ridge was based on the sonobuoy velocities (N7.5 km/s).
Whether this layer is a persistent feature beneath Alpha Ridge is un-
known and would require supporting refraction seismic data to include
in the modeling.
The maximum modeled Moho depth beneath the Alpha Ridge
(~31 km) is at ca. 880 km, approximately at the intersection with the
(A2) Axial transect. Moho depths shallow towards the Makarov Basin
to a minimum depth of ~12 km. Towards the Canada Basin, Moho
depths shallow (but much more gradually) to a depth of ~23 km at ca.
500 km. There is a notable “crustal root” beneath the Nautilus Spur,
where a local Moho depth of ~26 km is calculated. The minimum
Moho depth at the base of Alpha Ridge lower crustal layer (LC1) is
~18 km at ca. 300 km. Moho depths at the base of the underplated
layer (on the Canada Basin ﬂank of Alpha Ridge) are between ~12 and
16 km— slightly less than the 16 to 17 kmdepth estimates from the so-
nobuoy data (Chian and Lebedeva-Ivanova, 2015).adian PolarMargin (AxelHeiberg Island) along the bathymetric axis of Alpha Ridge (Proﬁle
ndersen et al., 2010) andmagnetic anomalies (Gaina et al., 2011) were extracted from the
nd the pseudogravity anomaly (green line). 5B shows the observed and calculated free air
nsity parameters used in the gravity modeling. 5D shows the geometry magnetization
ic constraints are shown on panel 5C (ARTA: Funck et al., 2011; CESAR, Asudeh et al.,
yellow dot from Chian and Lebedeva-Ivanova, 2015) and the intersection location of the
highly magnetized lower crust.
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For the detailed Axial (A2) and cross-line (A3)models (Figs. 5 and
6), we show that the Alpha Ridge can be modeled with a simplethree-layer crustal structure. Although there are minor differences
in the geometries of the A2 and A3 models where they cross, we be-
lieve this to be an inherent limitation of 2-D modeling of 3-D
structures.
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the lower crust (LC2), as well as the mid- and upper-crustal layers.
Since the values needed in the models exceeded typical susceptibility
values of volcanic rocks, we concluded that there was a signiﬁcant com-
ponent of normal remanentmagnetization. Emplacement of the bulk of
the Alpha–Mendeleev volcanic complex during the C-34 Cretaceous
“super-chron” (124 to 84 Ma) would explain the persistence of normal
polarity remanent magnetization. Evidence of reverse-polarity rema-
nent magnetization beneath Nautilus Spur (on model 3) suggests that
volcanism may have spanned a longer time range to include times be-
fore and/or after chron C-34.
The 2900 kg/m3 mid-crustal and 2600 kg/m3 upper-crustal layers
are interpreted as the combined effect of sills, dikes, and ﬂows resulting
from a (plume-sourced) LIP intrusion. Assuming that the (combined)
thickness of themid- and upper-crustal layers (5 to 10 km) is represen-
tative over the entire HAMH (and the aerial extent of 1.3 × 106 km2) a
volumetric estimate of (at least) 6 × 106 km3 is calculated for the volca-
nic upper crust.
The thick 3000 kg/m3 lower crustal layer is interpreted as a compos-
ite of the protolithic crust and deep (ultramaﬁc) plutonic intrusions re-
lated to a mantle plume. The density of 3000 kg/m3 is atypical of either
oceanic or continental crust. If we assume an oceanic protolith (with a
density of 2900 kg/m3), the ultramaﬁc component (density of
3100 kg/m3) represents ~50% of the layer by volume. Using our
modeled thickness of the lower crust as typically over 20 km, the origi-
nal oceanic protolith would have been ~10 km thick — reasonable for
typical oceanic crust. If instead we assume a continental protolith
(with a density of 2800 kg/m3) the resulting ultramaﬁc intrusive vol-
ume exceeds 65% and implies an original crustal thickness of ~7 km —
consistent with estimates of “hyper-thinned” continental crust within
Canada Basin (Chian et al., 2016). Using the aerial extent of the HAMH
and a range of 50% (oceanic protolith) to 65% (continental protolith)
volcanic intrusive content within the (~20 km thick) lower crust, we
calculate volumetric estimates of between 13 × 106 and 17 × 106 km3.
Although the ARCTIC2000 refraction line (Lebedeva-Ivanova et al.,
2006) identiﬁed the presence of high-velocity underplating beneath
the Mendeleev Ridge, our models do not include a broadly distributed
(high density) underplated volcanic crustal layer beneath Alpha Ridge.
As such, a volumetric estimate of the underplated material is difﬁcult
to make.
In summary, we estimate the total volcanic component of the
Alpha–Mendeleev portion of the HALIP to be between 19 × 106 km3
and 23 × 106 km3.6. Comparison of the HAMHmagnetic anomalies and pseudogravity
with global analogs
The magnetic anomalies and pseudogravity of four global LIPs are
shown in Fig. 7 to illustrate analogs for the HAMH. Although there are
many other possible global analogs, these examples have been chosen
in part because of their geological variability, and because of the ade-
quate quality of regional magnetic coverage (necessary for calculating
pseudogravity).Magnetic data for the Siberian Traps and Kerguelen Pla-
teau are from the global EMAG2 compilation (Maus et al., 2009). The
magnetic data for the Columbia Flood Basalts are from the North
American NAMAG compilation (Bankey et al., 2002). Magnetic data
for the North Atlantic Igneous Province are from the Atlantic–Arctic
GAMMAA5 Verhoef et al. (1996) compilation.Fig. 6.Alpha Ridge cross-line proﬁle (A3). Detailed geophysical proﬁlemodel from the Canada Basi
of bathymetry (Jakobsson et al., 2012); free air gravity (Andersen et al., 2010) andmagnetic anom
the observed and calculatedmagnetic anomalies and the pseudogravity anomaly (green line). 6B sh
(blue line). 6C shows the geometry density parameters used in the gravity modeling. 6D shows t
seismic reﬂection data (LSSL line Mosher et al., 2009), the sonobuoy seismic refraction stations
(Forsyth and Mair, 1984) are shown on panel 6C. The intersection location of the A2 model is also
Spur; LC1 =moderately magnetized lower crust; LC2 = highly magnetized lower crust.6.1. Siberian Traps
The Siberian Traps are a large volcanic complex in central and north-
ern Siberia consisting of early Triassic extrusive and intrusive basalts
(Fig. 7A). The central extrusive ﬂood basalts cover an area of
~7 × 105 km2. Extensive dikes and sills intruded the regional Paleozoic
successions and are exposed in a broad area around the central extrusive
complex. Also, outliers of extrusive ﬂood basalts are exposed to the south
in the Kuznetsk Basin, and to the west at Vorkuta at the northern end of
the Ural Mountains. Structurally emplaced basalts also outcrop along the
southern edge of the Taimyr Peninsula. To the west of the central extru-
sive complex, basalts have been sampled from several wells below the
Mesozoic and Cenozoic strata of theWest Siberian Basin and isolated vol-
canic centers correlate with the geometry of major extensional fault sys-
temswithin the basin (Reichowet al., 2009). The total area of the Siberian
Trap volcanic province exceeds 5 × 106 km2.
Themagnetic anomalies over the central extrusive complex (Fig. 7A)
havemoderate amplitude high frequencies with a general chaotic char-
acter, similar to the HAMH. This pattern does not continue over the “in-
trusive rim” surrounding the central complex. Surprisingly, considering
the large aerial extent and volume of the ﬂood basalts, the
pseudogravity anomaly high is localized only within the middle of the
central complex. This suggests that the deep crustal portion of this com-
plex has a limited extent. Over theWest Siberian Basin, elongatedmag-
netic highs correlate closely with the fault-bounded centers of the
mapped volcanics. There pseudogravity shows large areas of positive
amplitudes, suggesting that the aerial extent of the concealed volcanics
within the basin may be much larger than the mapped exposures.
6.2. Columbia River ﬂood basalts
The Neogene Columbia River Flood Basalt Province of Paciﬁc North-
west United States covers an area of ~2.2 × 105 km2 (Fig. 7B). The prov-
ince is broadly subdivided into the Oregon Plateau and the Columbia
Basin. The southern edge of the province is coincident with the Snake
River Plain which follows the Yellowstone mantle plume hotspot
track. Although volcanism related to this system started initially in the
southern Oregon Plateau, the Columbia Basin became the ultimate epi-
center of the ﬂood basalts with a maximum thickness of over 4 km
(Reidel et al., 2013).
Similar in character to the Siberian Traps, the short-wavelength
magnetic anomalies over the central extrusive complex have moderate
amplitudeswith a chaotic character. From themagnetic character alone,
there is little difference between the anomalies within the Columbia
Basin and Oregon Plateau; however, the calculated pseudogravity
values are signiﬁcantly different. The large positive pseudogravity high
over the Oregon Plateau (suggesting a deeper crustal root) extends
much further west of the Oregon Plateau and corresponds with a deep
magnetic source. The Snake River Plain “hot-spot track” corresponds
with a linear belt of short wavelength positive magnetic anomalies
and a linear pseudogravity high. This is expected since the plume source
would presumably have inﬂuenced the entire thickness of continental
crust.
6.3. North Atlantic Igneous Province
The North Atlantic Igneous Province (NAIP) includes widespread
early Tertiary continental ﬂood basalts and seaward-dipping ﬂowsn to the Alpha Ridge and into the Eurasia basin (Proﬁle A2 on Figs. 1 and 2). Synthetic proﬁles
alies (Gaina et al., 2011) were extracted from the published grids for themodeling. 6A shows
ows the observed and calculated free air gravity anomalies and themarine Bouguer anomaly
he geometry magnetization parameters used in the magnetic modeling. The locations of the
(Chian and Lebedeva-Ivanova, 2015; yellow dots), and the LOREX wide-angle seismic line
shown. AB= Amundsen Basin; CB = Canada Basin; MB=Makarov Basin; NS = Nautilus
Fig. 7. Global LIP analogs (magnetic anomaly and pseudogravity). Comparison of magnetic anomaly patterns and pseudogravity of four global LIPs. Data sources are listed for each region.
Pseudogravitywas calculated using the same parameters as the HAMH. Allmaps are plotted at the same scale anduse the same colour palettes as Fig. 2C andD. 7A) Siberian Traps.Magnetic
data of the Siberian Traps region are from theglobal EMAG2 compilation (Mauset al., 2009). Theoutlineof theextrusive complex (CEX; thinwhite lines) and edges of theMesozoic–Cenozoic
basins (dotted black lines) are from the International Polar Year circum-Arctic digital geology compilation (Harrison et al., 2011). The aerial extent of the Siberian Traps (thick white lines),
structural elements (thinblack lines)within theWest Siberian Basin (WSB), anddistribution of buried volcanics (dashedwhite lines)within theWSB are adapted fromReichowet al. (2009).
The northern offshore extension of the Siberian Traps province is speculative. 7B) Columbia River Flood Basalts.Magnetic data covering the Columbia River Flood Basalt Province are from the
NAMAG compilation (Bankey et al., 2002). The outline of the volcanic province (thick white line) is adapted from Reidel et al. (2013). A simpliﬁed outline of the Snake River Basin (SRB)
(dotted white line) corresponds with the Yellowstone hot-spot track. The Columbia River Flood Basalt Province is subdivided into the southern Oregon Plateau (OP) and the northern
Columbia Basin (CB). 7C) North Atlantic Volcanic Province (NAIP). Magnetic data for the Icelandic region of the North Atlantic is from the Verhoef et al. (1996) GAMMAA5 compilation.
The outline of the NAIP (thick white line) is based (primarily) on the calculated pseudogravity anomaly and includes the onshore exposures of Cenozoic volcanics from the geology map
of Greenland (Escher and Pulvertaft, 1995) and estimates of the extent of volcanics in the offshore areas off East Greenland and the European margin (Cofﬁn and Eldholm, 1994). The
1000 m bathymetric contours are shown (thin black lines). GFR = Greenland–Faeroes Ridge; GP = Geikie Plateau; IC = Iceland; JM= Jan Mayen micro-plate; VMH= Vøring Marginal
High. 7D) Kerguelen Plateau. Magnetic data for the Kerguelen Plateau region are from the global EMAG2 compilation (Maus et al., 2009). The outline of the Kerguelen Plateau (thick
white line) is from Frey et al. (2000). The 1000 m bathymetric contours are shown (thin black lines). EB = Elan Bank; KI = Kerguelen Islands.
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cess volcanism is attributed to the inﬂuence of the Iceland Plume
(e.g., Foulger, 1988; White, 1989; Clift et al., 1995), which maintained
(approximately) a position coincident with the oceanic spreading
ridge and formed the Greenland–Faeroes Ridge during the opening of
the North East Atlantic. Lundin and Doré (2005), however, argue that
a ﬁxed plume (relative to the Earth's core; Müller et al., 1993) is incon-
sistent with producing the age-symmetry of the Greenland–Faeroes
Ridge and that “hotspot drift” exactly matching the position of theoceanic spreading ridge is unlikely. The aerial extent of the North Atlan-
tic volcanic province (including Iceland and the Greenland–Faeroes
Ridge) exceeds 1.3 × 106 km2 (Cofﬁn and Eldholm, 1994).
At the northern extent of the NAIP isolated high amplitudemagnetic
anomalies on the Northeast Greenland shelf, the Jan Mayen Microplate
and the VøringMarginal High off the Norwegian coast correspond with
positive pseudogravity anomalies. High amplitude short-wavelength
magnetic anomalies and a large positive pseudogravity anomaly associ-
ated with the Greenland–Faeroes Ridge implies a deep source. Despite
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tude short-wavelength magnetic anomalies or positive pseudogravity
anomaly in that region suggesting a thin or absent crustal root.
6.4. Kerguelen Plateau
The Kerguelen Plateau (Fig. 7D) in the southern Indian Ocean is de-
ﬁned primarily as a large regional bathymetric high. The plateau is con-
sidered a fragment rifted from the Gondwana supercontinent
(125–100 Ma ago; Nicolaysen et al., 2000; Frey et al., 2000) that was
later inﬂuenced by mantle plume volcanism (Bascou et al., 2008). Drill
cores from OPD leg 183 recovered tholeitic basalts from the southern
portion of the plateau and alkali basalts from the central plateau with
age dates ranging from 109.5 to 114 Ma (Whitechurch et al., 1992).
All samples had large geochemical and isotopic variations, suggesting
continental crustal contamination. Garnet–biotite gneisses were sam-
pled fromElanBank conﬁrming the presence of continental crustwithin
the plateau. Upper Paleogene to Quaternary intrusive ﬂood basalts and
alkaline volcanic complexes are exposed onshore in the Kerguelan
Islands (Nicolaysen et al., 2000) indicating active (plume related) volca-
nism. The areal extent of the Kerguelen Plateau is over 1.3 × 106 km2
(Frey et al., 2000).
There is a large shortwavelength positivemagnetic anomaly pattern
over most of the plateau, except northwest of the Kerguelen Islands
where there is a magnetic low. The northwest–southeast magnetic lin-
eations northeast of the plateau are seaﬂoor spreading anomalies. The
northeast–southwest magnetic lineations southwest of the plateau are
possible gridding artifacts in the EMAG2 compilation. Very large high
amplitude positive pseudogravity characterizes most of the plateau im-
plying a deep crustal root. There is no positive pseudogravity northwest
of the Kerguelan Islands which may mean that the extent of the volca-
nics does not include all of the bathymetric high, or that they have
strong reverse remanence. A large positive pseudogravity anomaly
west of Elan Bankmay represent a continuation of the volcanic province
beyond the bathymetric expression.
6.5. Overview of LIP comparisons
Our comparisons of the HAMH with magnetic analysis of the global
LIP analogs show many similarities. All are generally characterized by
high amplitude “chaotic”magnetic anomalies; however, there is a signif-
icant variability in the pseudogravity anomalies, which are interpreted to
be the result of differences in thedepths of the “magnetic root”. Continen-
tal ﬂood basalt provinces do not exhibit a large positive pseudogravity
anomaly over the entire LIP area,which implies that despite the large vol-
umes of extruded volcanics, the “deep plumbing” of themagnetic sources
are localized mid- and lower-crustal features. Both continental and oce-
anic plume tracks show a positive pseudogravity anomaly signature (im-
plying deep crustal extent). Of the four analogs we have presented, the
Kerguelen Plateau shows the closest similarity of the size and character
of the magnetic and pseudogravity anomalies of the HAMH.
7. Implications for arctic tectonics/geodynamics
LIPs have been correlated with global-scale events including sea-
level rise and mass extinctions (e.g. Sobolev et al., 2011). Stratigraphic
sections throughout the Arctic (Fig. 8) show signiﬁcant unconformities
at approximately 130 Ma and 85 Ma (Embry, 1989; Houseknecht and
Bird, 2011; Hegewald and Jokat, 2013). As discussed in Section 2.1, vol-
canics from high Arctic regions associated with the HALIP (e.g. Tarduno,
1998; Maher, 2001; Andronikov et al., 2008; Mukasa et al., 2009, 2015;
Brumley et al., 2013, Kingsberry et al., 2014; Petrov et al., 2015) show
two main pulses of magmatism, one ranging from about 130–120 Ma,
with a peak age at about 125Ma (Corfu et al., 2013), and a younger ep-
isode from 90 to 80 Ma. Ernst and Bleeker (2010) point out the correla-
tion and apparent causality of LIP initiation with tectonic breakupevents and speculated that the circa 130 Ma initiation of the HALIP
marks the initiation of the Amerasian Basin. Gaina et al. (2014) noted
that the HALIP region was “potentially aligned with a favorable mantle
plume source region at 130 Ma”.
We ﬁnd it difﬁcult to understand how a single plume-related event
would have had a 30 Ma hiatus in volcanism, and consider instead
that the HALIP may have resulted from a multi-stage history of forma-
tion, consistent with the two sequence boundaries: the ﬁrst phase in-
volving the interaction of a mantle plume and the second with other
tectonic or mantle events (e.g., convection), as suggested by several au-
thors (e.g. Shephard et al., 2013; Lobkovsky, 2015; Saltus and Oakey,
2015). A multi-stage history has also been suggested for the Columbia
Plateau (Hales et al., 2005). Based on the (limited) age-dated samples,
volcanism on the Mendeleev Ridge is much older (260 Ma to 127 Ma;
Morozov et al., 2013a,b) than the Alpha Ridge and Chukchi Borderlands
(112 to 73 Ma; Jokat et al., 2013; Brumley, 2014; Mukasa et al., 2015).
Whether there is a systematic (spatial) age distribution of volcanism
or whether the two phases of volcanism overlap cannot be resolved
with the existing data and more in-situ (i.e. drilling) samples are
needed.
Fundamental questions remain regarding the crustal character of the
Alpha–Mendeleev region prior to formation of the HALIP. Was the
HALIP intruded into an existing oceanic or continental plate, or was it
formed in a mid-ocean ridge setting?
Several lines of evidence suggest that the Alpha–Mendeleev region
formed, at least in part, above sea level. Weber (1990) speculated,
based on isostatic and thermal cooling considerations, that the Alpha
Ridge was at least 1 km above sea level upon formation. Numerous au-
thors (e.g., Embry, 1989;Midtkandal and Nystuen, 2009), have cited the
need for a central Arctic sedimentary source region (termed
“Crockerland” by Embry) for Cretaceous and later sedimentary se-
quences around the Arctic margins.
Assuming a single mantle plume model for the origin of the HALIP,
our volume estimate for the source of the HAMH would form a sphere
(plume head) with a diameter of about 300 km. By comparison with
volumetric estimates derived for the Reunion (Deccan Traps) and the
Iceland (North Atlantic Igneous Province) hotspots, we should expect
a basal temperature differential of 200–250 °C (Sleep, 1990) and an en-
ergy ﬂux into the base of the crust of 1–2 MJ/s (Sleep, 1990). The heat
ﬂux of this magnitude would raise the steady-state crustal conductive
geotherm by at least 4 mW/m2. This amount of heat input would
cause a thermal change in both lithospheric mantle and crustal density
and, along with the buoyancy effect of the hot asthenospheric material,
would cause a broad surface uplift of at least 1 km for about 10–20 Ma
following plume head arrival (consistentwith estimates for the Reunion
Hotspot; Sleep, 1990).
Analysis of sonobuoy velocity proﬁles throughout the Canada
Basin (Chian and Lebedeva-Ivanova, 2015; Chian et al., 2016) sug-
gests that only a relatively small central portion of the Canada
Basin has crustal velocity proﬁles consistent with “normal” oceanic
crust. They (Chian et al., 2016) interpret the Canadian Basin margin
of the Alpha–Mendeleev ridge complex as “transitional” crust with
high lower crustal velocities consistent with mantle serpentinization
or deep maﬁc underplating of originally continental crust. This result
suggests that the Canada Basin portion of the HALIP may have a con-
tinental protolith.
We further support the position that the Alpha Ridgewas the result of
the HALIP largely or completely intruding into continental crust. Our
gravity/magnetic/bathymetric crustal cross sectionmodels are consistent
with (but not absolutely diagnostic of) originally continental crust that
has been massively intruded (and locally underplated) by LIP-related
maﬁc material. In our interpretation the magnetic anomaly patterns of
the HAMH are primarily related to the HALIP and it is difﬁcult to “see
through’ theHALIP-related patterns to discern any prior crustal character.
The relatively small Bouguer corrected gravity anomalies for the HAMH
region, are consistent with a generally homogenous bulk crustal density
Fig. 8. Stratigraphic age correlations. Time chart of Arctic mega-sequence boundaries (adapted from Embry, 1989; Houseknecht and Bird, 2011), extinctions (Sobolev et al., 2011), and
timing of major LIP events (Cofﬁn and Eldholm, 1994). Stratigraphic chart and magnetic time scale are from Walker and Geissman (2009). Two major sequence boundaries are
present in both the Alaskan and Canadian margin records: the Lower Cretaceous Unconformity/Breakup Unconformity (LCU/BU) at about 130 Ma and the “mid-Campanian/Boundary
Creek-Smoking Hills” boundary (MCU/BC-SH) at about 85 Ma. These events coincide broadly with reported dates on major Arctic basaltic events (125 and 90 Ma; magenta stars).
CRFB = Columbia River Flood Basalts; DT = Deccan Traps; KERG = Kerguelen Plateau; NAIP = North Atlantic Igneous Province; OJP = Ontong-Java Plateau.
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sions. Again, similar to themagnetic situation, it is difﬁcult to see past the
HALIP inﬂuence to reconstruct the gravity expression of the pre-existing
crust. If theHALIP regionwas originally sub-aerial as inferred by some au-
thors (e.g., Weber, 1990), it implies, even with the ~1 km thermal uplift
expected, that the pre-HALIP crust was at or near sea level, consistent
with a protolith of continental crust.
8. Conclusions
Recent international scientiﬁc interest has resulted in an unprec-
edented amount of new geophysical and geological data acquisitionin the Arctic. With the increasing availability of large-scale public do-
main data compilations (e.g. Verhoef et al., 1996; Bankey et al., 2002;
Pavlis et al., 2008; Maus et al., 2009; Andersen et al., 2010; Gaina
et al., 2011; Harrison et al., 2011; Jakobsson et al., 2012; Chian and
Lebedeva-Ivanova, 2015), we now have an enormous resource for
quantifying the geological structure and tectonic framework of the
Amerasia Basin. In this study, we have applied some basic magnetic
and gravity data processing and interpretation techniques to deﬁne
the ﬁrst-order characteristics of the Alpha–Mendeleev ridge
complex.
Free air gravity highs and lows generally correlate with the bathy-
metric relief. A mean free air gravity value of ~20 mGal over the
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and must be regionally compensated. The residual marine Bouguer
gravity anomalies show no signiﬁcant variation over the Alpha–
Mendeleev ridge complex, which implies minimal lateral variability in
the density structure. The magnetic anomalies show a region of high
amplitude “chaotic” patterns (caused by broadly distributed volcanic
rocks) that span the entire Alpha–Mendeleev ridge complex and extend
beneath the sedimentary cover of the adjacent Canada Basin and the
Makarov–Podvodnikov basins. Saltus et al. (2011) described this region
as the “F1: Alpha–Mendeleev LIPmagnetic domain”. We have adopted a
more generic term: the “High Arctic Magnetic High” (HAMH). The cal-
culated pseudogravity (magnetic potential) inversion shows a regional
positive high that represents the region with a deep (volcanic/magnet-
ic) crustal root. The aerial extent of the HAMH is deﬁned by a closed
contour (isoline) of the pseudogravity and covers an area of
~1.3 × 106 km2 — slightly smaller than the Saltus et al. (2011) “F1 Do-
main” (~1.5 × 106 km2). Our newHAMHboundary onlaps the Canadian
Polar Margin (“outcropping” onshore northern Ellesmere Island) and
extends into theMakarov Basin approximately along the axis of Marvin
Spur. We believe that Marvin Spur may be a volcanic ridge emplaced
along the edge of the HALIP. Although there are magnetic highs along
the ﬂank of Lomonosov Ridge (near the Canadian Polar Margin), it is
not included in theHAMH(i.e., deep-rootedHALIP volcanismdid not af-
fect the bulk crustal structure there).
A simple 3-layer igneous crust has been satisfactory for forward 2D
gravity/magnetic modeling. Bulk crustal densities for the lower crust
(3000 kg/m3) are signiﬁcantly higher than typical continental or ocean-
ic crust and can only be explained with a large component of maﬁc/ul-
tramaﬁc lithologies. Whether these were intruded into pre-existing
oceanic or continental crust cannot be resolved without additional evi-
dence. Both themid- and upper-crustal layers (2900 kg/m3, 2600 kg/m3
respectively) and upper portions of the lower crust (LC2) required large
induced and remanent magnetization components to ﬁt the observed
magnetic anomalies. Although the velocities of the mid-crustal layer
(6.7 to 7.1 km/s) are typically considered diagnostic of maﬁc oceanic
crustal layer-2 (e.g. Chian et al., 2016), there is a large range of velocities
(and associated densities) for serpentinized ultramaﬁc rocks, which are
a likely lithology for the Alpha Ridge. The combined thickness of the
middle and upper crustal layers ranges from 5 to 10 km; which (multi-
plied by the calculated aerial extent) provides a volumetric estimate of
(at least) 6 × 106 km3 for the upper portion of the HAMH/HALIP. Sim-
plistic volumetric estimates for plutonic intrusives within the lower
crust are based on the assumption that the bulk density of existing
crust (3000 kg/m3) is a combination of ultramaﬁc material (3100 kg/
m3) and lower density protolith crust. We estimate between 50% and
65% ultramaﬁc composition, which results in volumetric estimates of
between 13 × 106 km3 and 17 × 106 km3. We are unable to make volu-
metric estimates of volcanic underplating due to limitations of deep-
crustal mapping. Our results indicate that the total volcanic content of
the Alpha–Mendeleev ridge complex within the HAMH area to be be-
tween 19 × 106 km3 and 23 × 106 km3 making this one of the largest
global LIPs.
Comparison of the HAMH magnetic character and pseudogravity
with global LIP analogs suggests the following conclusions: (1) LIPs
are generally characterized by short-wavelength, high-amplitude mag-
netic anomalies with a “chaotic” pattern (diagnostic of upper crustal
structures) and typically have associated pseudogravity highs (diagnos-
tic of lower crustal structures); (2) continentalﬂood basalt provinces do
not generally exhibit a large positive pseudogravity anomaly over the
entire LIP area (implying a more concentrated region of mid- and
lower-crustal LIP related intrusions); (3) positive pseudogravity anom-
aly signatures (implying deep crustal extent) are associated with the
roots (i.e. plume source region) of the LIP; and (4) of the analogs we
have examined in detail, the Kerguelen Plateau bears the greatest simi-
larity to the HAMH (similar magnetic and pseudogravity character and
similar overall area/volume).We feel there are too many gaps in the understanding of Arctic
geodynamics to fully constrain detailed geodynamic models, but it is
important that the inferred large mass, volume and heat ﬂow implied
by LIP formation be incorporated into any viablemodels for the tectonic
development of theHigh Arctic region. Further study (including, but not
limited to, deep seismic refraction surveys, seismic tomography, shal-
low and deep crustal drilling, high-resolution bathymetry, systematic
airborne potential ﬁeld surveys, as well as more subsurface sample col-
lection and geochronological characterization) is important to develop a
complete understanding of the HALIP and its role in the development of
the Arctic ocean basins and their vast encircling continental shelf.
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